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Key Points: 22 
• We have constrained the establishment of a major Siberian river—the Irtysh River—to ca. 23 
2.8 Ma by a combination of 21Ne and 26Al/10Be 24 
• The timing of the Irtysh’s establishment provides radioisotopic evidence for a 25 
geologically young Siberian-Arctic river system 26 
• This work supports a profound impact of Siberian freshwater input to Arctic on Northern 27 
Hemisphere ice-sheet expansions during late Pliocene 28 
  29 




The influence of Siberian freshwater input to the Arctic Ocean on Northern Hemisphere ice-31 
sheet expansions remains poorly known due to the incomplete geologic record of Siberian-Arctic 32 
river systems during the late Pliocene. The Irtysh River is a major Siberian river, rising from the 33 
Altay Mountains, northwestern China, and flowing 4282 km before joining the Ob River. Here, 34 
we present new field evidence and chronological data from a combination of cosmogenic 21Ne and 35 
26Al/10Be measurements that constrain the establishment of the Irtysh River to ca. 2.77+0.39/-0.33 Ma. 36 
These first quantitative chronological results, together with previous sedimentological, 37 
geomorphological, and geochemical evidence, support a young Siberian-Arctic river system. Its 38 
coincidence with the late Pliocene ice-sheet expansions in the Northern Hemisphere implies a 39 
profound impact of Siberian freshwater input to the Arctic on the major ice advances that 40 
significantly affected global oceanographic and climatic systems. 41 
Plain Language Summary 42 
Siberian rivers presently contribute ~80% of total river discharge to the Arctic Ocean, which 43 
has a remarkable effect on decreasing ocean surface salinity and promoting rapid ice-sheet 44 
expansions by a series of ice-albedo feedbacks. Although the Siberian-Arctic river system is 45 
thought to postdate the late Pliocene on the basis of sedimentological, geomorphological, and 46 
geochemical evidence, the profound impact of Siberian freshwater input on the late Pliocene ice-47 
sheet expansions in Northern Hemisphere remains speculative due to lack of precise chronological 48 
constraints on its formation. The Irtysh River is a major Siberian-Arctic river, rising from the Altay 49 
Mountains in northwest China and flowing ~4282 km before merging with Ob River. In this work, 50 
we present new field evidence and chronological data from cosmogenic 21Ne and 26Al/10Be that 51 
constrain the establishment of the Irtysh River to ca. 2.8 Ma. The timing of its establishment is 52 
consistent with previous studies, and supports a young age for Siberian-Arctic rivers. The 53 
coincidence of Arctic river formation in Siberia with a major ice advance in the Northern 54 
Hemisphere implies a profound impact of Siberian freshwater input to the Arctic on the late 55 
Pliocene ice-sheet expansions that affected global oceanographic and climatic systems. 56 
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1  Introduction 57 
After a long-term progressive cooling during the late Pliocene, a major intensification of the 58 
Northern Hemisphere glaciation began ~2.7 My ago, when the late Pliocene cooling culminated 59 
(Jansen et al., 1988; Lisiecki & Raymo, 2005; Ruddiman & Raymo, 1988; Shackleton et al., 1984). 60 
Numerous models have been proposed for this rapid glacial expansion, with many inferring a 61 
tectonic influence, such as the closure of the Central American seaway that changed the ocean 62 
thermohaline circulation and enhanced moisture at high latitudes (Haug et al., 2001), upliftment 63 
of the Himalayas that altered the atmospheric circulation (Raymo et al., 1988) and enhanced 64 
chemical weathering to deplete the atmospheric CO2 level (Raymo & Ruddiman, 1992), and the 65 
late Neogene deformation of central Asia (De Grave & van den Haute, 2002; Jolivet et al., 2009; 66 
Vassallo et al., 2007) that led to the reorganization of Siberian rivers toward the Arctic (Wang, 67 
2004). Non-tectonic mechanisms, such as orbitally-driven variations in insolation, have also been 68 
proposed (Maslin et al., 1998). No matter which mechanism is proven to be more reasonable, these 69 
tectonically-driven paleooceanographic and paleotopographic changes brought global cooling to a 70 
critical threshold.  71 
Siberian rivers contribute ~80% of the total river discharge (3,300 km3/a) to the Arctic Ocean 72 
(Stein, 2000) and have a remarkable effect on Arctic surface circulation. Three major rivers (Fig. 73 
1a), namely, Yenisey (620 km3/a), Lena (525 km3/a), and Ob (429 km3/a), originating in the central 74 
Asian plateau, supply more than half of the annual Arctic freshwater runoff  (Aagaard & Carmack, 75 
1989; Gordeev et al., 1996). The formation of Arctic rivers in Siberia during the late Pliocene, 76 
accompanied by the enhanced moisture transported to northern Eurasia by the westerlies after the 77 
closure of the Central American seaway, likely played a key role in delivering freshwater to the 78 
Arctic Ocean that triggered ice-sheet expansion, because the abruptly enhanced freshening of 79 
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Arctic waters decreased ocean surface salinity and favored sea ice formation. This, in turn, created 80 
a series of positive ice-albedo feedbacks and promoted rapid ice-sheet expansion (e.g., Knies et 81 
al., 2014; Moran et al., 2006; Zachos et al., 2001).  82 
However, the profound impact of Siberian freshwater input to the Arctic Ocean on the late 83 
Pliocene Northern Hemisphere ice-sheet expansions remains speculative because of the lack of 84 
precise chronological data on the river system’s establishment. Sedimentological, 85 
geomorphological, and geochemical studies in Siberia and the Arctic Ocean have provided 86 
evidence of a late Pliocene Siberian-Arctic river system. According to stratigraphic correlation, 87 
the paleovalleys incised on the western Siberian shelf adjacent to the Ob and Yenisey gulfs and 88 
those found along the lower reaches of the Lena River (Fig. 1a) are of late Pliocene–Pleistocene 89 
age (Alekseev & Drouchite, 2004; Milanovsky, 2008; Wang, 2004). An abrupt positive change in 90 
εNd from −8 to −6 (Haley et al., 2007) during the late Pliocene–early Pleistocene period recorded 91 
in Arctic drilling cores (Backman et al., 2008) suggests the formation of the Yenisey River that 92 
drains the Siberian flood basalts (Fig. 1a), which is the exclusive source of radiogenic Nd (εNd: 0–93 
+2.5; Sharma et al., 1991) to the Arctic.  94 
The Irtysh River, originating in the Altay Mountains in northwest China and flowing 95 
approximately 4282 km before merging with the Ob River, is a major Siberian-Arctic river (Fig. 96 
1a). It drains a basin of 1.6 × 106 km2, with a mean annual discharge of 99.8 km3/a (Gordeev et al., 97 
2004; Huang et al., 2012). Previous sedimentological studies in Junggar Basin, northwest China, 98 
revealed that the ancestral Irtysh River was an inland river in Junggar until at least ~6 Ma (Li et 99 
al., 2020; Yan & Xia, 1962). As it is a major Siberian river, timing the establishment of the Irtysh 100 
River may provide a chronological constraint on the large-scale reorganization of the Siberian 101 
drainage system that formed modern Arctic rivers. 102 
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In this work, we report a new stratigraphic investigation throughout the Junggar Basin and 103 
chronological results of Pliocene alluvial deposits in the region from a combination of cosmogenic 104 
21Ne and 26Al/10Be to reconstruct the evolution of the Irtysh River, clarify its implication on the 105 
formation of Siberian-Arctic river system, and assess the importance of Siberian rivers in late-106 
Pliocene ice-sheet expansions. 107 
2  Study area 108 
Our study area is in central Asia (Fig. 1a), shielded from the monsoonal influence of India and 109 
the northern Pacific Ocean by the Tibetan Plateau. Westerly moisture transport dominates regional 110 
precipitation in this region (Caves et al., 2015; Guo et al., 2002; Tian et al., 2001; Wang, 1990). 111 
Approximately 1000 km away, Lake Baikal, located in the southern Siberia (Fig. 1a), has 112 
preserved continuous terrestrial records of late-Pliocene regional paleoclimate changes in central 113 
Asia (Antipina et al., 2001; Kuzmin et al., 2000; Kuzmin et al., 2003; Williams et al., 1997). Sharp 114 
drop in diatom abundance and rise in dense glacial clay in lake sediments, as well as the pollen-115 
based temperature and precipitation reconstructions (Fig. 1b) indicate intensive terrestrial glacial 116 
expansion accompanying the abrupt cooling in central Asia and increasing moisture delivery to 117 
the Eurasian continent at this time.  118 
The Junggar Basin, with an area of 380,000 km2, is located in northwest China and is separated 119 
from the Altay Mountains to the northeast by the NW-trending Ertix fault zone (Fig. 1c). Limited 120 
deformation of the Altay Mountains occurred in the early Cenozoic before the activity of the Fuyun 121 
fault that began during the early Miocene (Fig. 1c) (Xu et al., 2015; Yuan et al., 2006); the Fuyun 122 
fault is still active (Klinger et al., 2011). Cenozoic strata are mainly exposed in the northern part 123 
of the Junggar Basin, and those of late Oligocene–Miocene ages are dominated by alternating 124 
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fluvial and aeolian facies deposits (Sun et al., 2010), indicating that the regional environment has 125 
changed frequently since the late Oligocene.  126 
The Irtysh River is the only exorheic river developed in the Junggar Basin (Fig. 1c), and all of 127 
its tributaries are sourced from the glaciers on the southwestern slopes of the Altay Mountains. 128 
After forming a northwest-flowing trunk stream in the Junggar, it flows west across Kazakhstan 129 
via Lake Zaysan, through the western Siberian Plain, and finally empties into the Arctic Ocean. 130 
Previous sedimentological studies have revealed that the ancestral Irtysh River was a series of 131 
inland rivers rising from the Altay Mountains, flowing southward into a paleolake in the Junggar 132 
Basin before ~6 Ma (Li et al., 2020).  133 
3  Materials and methods 134 
3.1  Extent of Pliocene Junggar paleolake 135 
To reconstruct the Pliocene paleolake in the Junggar Basin, we conducted a detailed 136 
investigation of lacustrine deposits in the basin, which are exposed only in a few outcrops marked 137 
in Fig. 2a. In the outcrop at the northwestern margin of the Junggar (Site α, Fig. 2b), 20-m thick 138 
yellowish mudstones of lacustrine facies with interbedded thin gypsum layers (inset of Fig. 2b) 139 
are found at an elevation of ~620 m, which marks the maximum level of the paleolake highstand; 140 
an alluvium layer, few meters in thickness, overlies the lacustrine facies. Stratigraphic evidence of 141 
a paleoshoreline at ~620 m was also found at the southern margin of the Sangequan block (site β, 142 
Fig. 2c). A deeply incised section exposes the stratigraphic sequence, revealing more than 20 m of 143 
yellowish mudstones, with occasional interbedded thin gypsum layers (inset of Fig. 2c), suggesting 144 
a former lacustrine environment; a thin alluvium layer overlies the lacustrine segment. Another 145 
lacustrine outcrop (Site γ, Fig. 2d) is at the southern edge of the Huanghuagou alluvial platform 146 
(PL-HHG), with the top of lacustrine facies at an altitude of 600 m under several meters of alluvial 147 
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sediments. The presumed extent of the paleolake at its highstand stage is outlined by the 620-m 148 
contour (Fig. 2e). 149 
3.2  Chronology 150 
To constrain the chronosequence of the Irtysh River’s evolution, we dated the alluvial deposits 151 
using a combination of cosmogenic 21Ne exposure dating and 26Al/10Be burial dating. Surface 21Ne 152 
concentrations provide minimal exposure ages of the landscape surface or maximal rates for 153 
regional erosion (Lal, 1991); for long-timescale exposure history, surface exposure age can be 154 
determined only when regional erosion is well-constrained. The development of isochron 155 
26Al/10Be burial dating technique (Balco & Rovey, 2008) provides an effective way to accurately 156 
determine the burial ages of fluvial sediments that were shallowly buried (e.g., Erlanger et al., 157 
2012; Odom, 2020).  158 
Several alluvial platforms with areas greater than 200 km2 are preserved in this region besides 159 
PL-HHG: PL-JL near the Jili Lake, PL-KL near the Kelang River, and PL-TES near Tieersihabahe 160 
(Fig. 2a). The former three sit within the extent the paleolake occupied, while PL-TES, as an 161 
alluvial fan that had drained into the paleolake, is beyond the presumed paleolake’s scope and 162 
separated into two parts by a dry valley that eroded into the Paleozoic basement (Fig. 2a).  163 
Depth profiles from alluvial sediments on platforms PL-HHG, PL-JL, and PL-TES were used 164 
for cosmogenic 21Ne exposure dating. Depending on the sedimentary features (uniform or 165 
multistage deposition), subsurface samples were collected at regular intervals from the landscape 166 
surface to depths of 180–400 cm to constrain the inherited 21Ne components. Downward-167 
decreasing 21Ne concentrations are expected in geomorphically stable alluvium; increasing nuclide 168 
concentrations with depth reveal an accumulating surface experiencing continuous deposition 169 
Geophysical Research Letters 
 
 
(Phillips et al., 1998). Granite samples were collected from the surface of the Paleozoic granite 170 
bedrock on PL-TES.  171 
Cosmogenic 26Al/10Be isochron burial dating was used at the site of platform PL-KL, where a 172 
roadcut exposes a ~6.5-m thick fluvial pebble bed, to constrain its depositional time. A series of 173 
quartzite gravel samples were collected horizontally at the bottom of the fluvial facies to ensure 174 
the same burial history. 175 
Site descriptions are presented in Table 1. Sampling strategies and dating methods are described 176 
in the supplementary text and relevant figures, with the dataset listed in Suppl. Tables S1–2. 177 
4  Results 178 
The modeled ages of each platform are summarized in Table 1. On platforms PL-HHG and PL-179 
JL, the uniform sedimentary facies of fluvial clasts exhibited exponentially decreasing 21Ne 180 
concentrations with depth (Figs. 3a,b) and have respective minimum exposure ages of 1.56 ± 0.16 181 
Ma and 2.39 ± 0.06 Ma, revealing an eroding regime that began no later than 2.4–1.6 Ma.  182 
The sedimentary features of the alluvial fan PL-TES are clearly different from those of PL-HHG 183 
and PL-JL. Under a ~50-cm thick layer of capping soil, a thin segment of consolidated clasts (Unit 184 
2, ~1.4 m) overlay the layer of silt sand (Unit 1), and a light-colored horizon of calcareous cement 185 
intercalated the two facies (Fig. 3c). The 21Ne concentration profile showed a two-stage 186 
depositional sequence, consistent with the stratigraphy observed in the field (Fig. 3d). Taking the 187 
shielding effects of soil into account, the clast segment yielded a minimum age of 1.31 ± 0.34 Ma, 188 
revealing the diversion of the river to flowing northwest no later than 1.3 Ma. Paleozoic granite 189 
bedrock exposed in the dry valley yields a 1σ synchronous minimum age of 1.16 ± 0.04 Ma.  190 
On platform PL-KL, the five samples yielded a 26Al/10Be burial isochron (Figs. 3e,f), 191 
corresponding to a burial age of 2.77 +0.39/-0.33 Ma for the overlying sand-pebble fluvial facies. The 192 
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transition of sedimentary facies from underlying sandy suite to fluvial pebbles (Fig. 3e) reveals a 193 
significant hydrodynamic change, the age of which could be constrained to no later than 2.77 +0.39/-194 
0.33 Ma, using the depositional age of the overlying segment. Furthermore, the increasing trend of 195 
21Ne concentration in the sandy suite with depth (Fig. 3g) uncovers continuous aggradation 196 
(Phillips et al., 1998) that ended during the late Pliocene in the Junggar.   197 
To summarize, the results given above demonstrate that (1) the minimum ages of relict alluvial 198 
sediments within the Junggar Basin are potentially contemporaneous, ranging from late Pliocene 199 
(ca. 2.8 Ma) to Pleistocene (> 2.4–1.6 Ma); and (2) aggradation occurred in the Junggar Basin 200 
before 2.8 Ma, followed by a transition to an erosional regime before 2.4 Ma but no later than 1.6 201 
Ma. This reveals the bursting of the Junggar paleolake in the late Pliocene, when global climate 202 
cooling culminated (Jansen et al., 1988; Ruddiman & Raymo, 1988; Shackleton et al., 1984). 203 
5  Late-Pliocene birth of Irtysh River 204 
Based on the chronological constraints and field evidence, we present a model for the evolution 205 
of the Irtysh River during the late Pliocene–Pleistocene period. After the late-Neogene tectonic 206 
rejuvenation of the Altay Mountains and the Mongolian plateau where major Siberian rivers 207 
originate (Fig. 1a), the topography of central Asia, which favors the formation of northward-208 
flowing river systems, was shaped. Based on this tectonic prerequisite, a northwest-flowing trunk 209 
stream was established in the Junggar Basin, with other Altay-draining rivers flowing southward 210 
into this trunk stream, which then, drained into a lowland paleolake (Fig. 4a). 211 
This drainage pattern lasted until ca. 2.8 Ma, and based on the altitudes of the localities 212 
portraying distinct evidences of lacustrine deposits, a united paleolake that occupied most of the 213 
Junggar Basin existed when the filling of the paleolake culminated (Fig. 4b). All regional river 214 
systems that flowed from the surrounding uplands probably drained into this paleolake. The 215 
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storage of this paleolake was more than 8000 km3 at its highstand stage, based on the thickness of 216 
lacustrine deposits, which is more than twice the annual water discharge of current Arctic rivers 217 
(3300 km3/a) (Stein, 2000).  218 
The increasing water level of this paleolake then cut through the lake barrier at the northern end 219 
of the Zaysan Basin and spilled downstream (Fig. 4b), initiating a fluvial incision and triggering 220 
the formation of the course of the Irtysh River. The water-spillover event coincides with the major 221 
episode of climate cooling and sea ice expansion during the late Pliocene deduced from globally 222 
distributed marine δ18O records (Lisiecki & Raymo, 2005). The intensive terrestrial glaciation 223 
development and increased moisture delivery during the late Pliocene, as observed in the preserved 224 
records in Lake Baikal (Fig. 1b), brought increased flux of freshwater supply, and the significant 225 
drop in global base level at that time may have triggered the downcutting and, thus, the draining 226 
of the Junggar paleolake. The ancestral rivers from the Altay Mountains were reorganized into the 227 
northwest-flowing Irtysh River no later than the early Pleistocene (> 2.4–1.6 Ma); it cut through 228 
the Zaysan Valley, which then, became the pathway of the Irtysh River to flow northward (Fig. 229 
4c). 230 
6 Implication for Siberian-Arctic river system 231 
Previous stratigraphic, geochemical, and geomorphological studies have pointed to a late-232 
Pliocene age for the Siberian-Arctic river system. The chronological results obtained herein have 233 
constrained the initial establishment of the upper Irtysh River to the late Pliocene–early Pleistocene 234 
period. As a major Siberian river, the age of the Irtysh’s establishment is consistent with previous 235 
results, and has added quantitative chronological evidence to the geologically estimated age of the 236 
Siberian-Arctic river system. 237 
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The temporal coincidence of the Siberian-Arctic river formation with the late-Pliocene ice 238 
advance in the Northern Hemisphere is striking; notably, the profound impact of Siberian 239 
freshwater input on the ice-sheet expansions also depends on the freshwater discharge rate. The 240 
bursting of the Junggar paleolake, which stored more than 8000 km3 of water, would discharge 241 
into the Kara Sea (Fig. 1a) over a short period through the newly formed Irtysh River and provided 242 
the Arctic Ocean with more than twice the freshwater discharge of current Arctic rivers annually 243 
(3300 km3/a). 244 
The freshwater input to the Kara Sea would have been equivalent to an ~9-m layer of freshwater 245 
over its surface; according to the hydrographic data (Hanzlick & Aagaard, 1980), the average 246 
equivalent thickness of freshwater over the modern Kara Sea is approximately 3.5 m. Thus, the 247 
abrupt freshwater discharge of 8000 km3 into the Kara Sea at the time would have significantly 248 
diminished the surface layer salinity, broken the vertical stability, and resulted in stronger 249 
stratification of the vertical circulation that favored sea ice formation, enhanced export of water 250 
and ice from the Arctic to Atlantic, thereby influenced global thermohaline circulation. These 251 
significant alterations would change the Arctic Ocean’s mass and energy budgets, such as Earth’s 252 
surface albedo, water vapor, heat and energy exchange between ocean and atmosphere, which have 253 
strong influences not only on the Arctic but also on the global climate system (Stein, 2000). A 254 
distinct climatic deterioration in the Arctic around 2.6 Ma has been recorded in Lake El’gygytgyn 255 
(Melles et al., 2012), which is a benchmark for understanding the pan-Arctic climate. 256 
Notably, the Junggar paleolake was likely just one of several reservoirs in Siberia that could 257 
have provided huge pulses of freshwater runoff to the Arctic Ocean when the Siberian-Arctic river 258 
formed. Previous stratigraphic investigations on the western Siberian Plain (WSP, Fig. 1a) 259 
(Gnibidenko, 2007; Pospelova et al., 1977; Volkova, 2011) showed that during the late Neogene, 260 
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lacustrine basins had developed in most areas of the southern part of WSP as the result of west-261 
tilting paleotopography of Asia at the time (Wang, 2004). Estimates based on the extent to which 262 
the late-Neogene lacustrine deposits occupied and a shallowest thickness of ~5 m (Pospelova et 263 
al., 1977) suggest an additional freshwater storage of at least 4000 km3 in WSP (Figure S5). 264 
Besides, after the Siberian rivers began to discharge into the Arctic, the increase in Eurasian 265 
moisture, transported by the westerlies since the early Pliocene, would also have enhanced 266 
freshwater delivery to the Arctic via the Siberian river system. 267 
In conclusion, the coincidence of Arctic river formation in Siberia and the huge pulses of their 268 
runoff supports the profound impact of Siberian freshwater input on the late-Pliocene ice-sheet 269 
expansions in the Northern Hemisphere, which further affected global oceanographic and climatic 270 
systems. 271 
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Figure 1. Major Arctic rivers and geological setting in Siberia. (a) The Yenisey, Lena, and Ob 491 
Rivers are shown in black and their watershed boundaries in red. The region visualized with a 492 
color ramp within the Ob watershed indicates the Irtysh catchment. Study area is shown in white 493 
rectangle. WSP: West Siberian Plain; CSP: Central Siberian Platform; SFBP: Siberian Flood 494 
Basalts Province, outlined roughly by the light pink area (Sharma et al., 1991). Color block 495 
Geophysical Research Letters 
 
 
sequence illustrates stratigraphy in WSP (Volkova, 2011 and references therein); thicknesses of 496 
color blocks are arbitrary. 1De Grave and van den Haute (2002), 2Xu et al. (2015), 3Vassallo et al. 497 
(2007), 4Jolivet et al. (2009). (b) Global and regional terrestrial paleoclimatic proxies for the past 498 
6 Ma. From bottom to top, deep-sea oxygen records from ODP Site 659 in east Atlantic 499 
(Tiedemann et al., 1994); diatom abundance and dense glacial clay in sediments from Lake Baikal 500 
(BDP-98) (Kuzmin et al., 2003); pollen-based temperature and precipitation reconstructions from 501 
onshore sediments of Baikal (Antipina et al., 2001; Vorobyova et al., 1995). (c) Topographic and 502 
geologic maps of Junggar Basin. BLT: Buluntuo Lake; ERTF: Ertix fault; FTF: Fuyun fault. 5Xu 503 
et al. (2015).  504 
 505 




Figure 2. Pliocene lacustrine-alluvial remnants and geochronology (a). Red dot shows field sites 507 
with lacustrine evidence, with field image showing in (b)-(d) (inset: texture of calcite cements in 508 
lacustrine deposits). Triangle and star show sampling sites on alluvial platforms, with platform 509 
elevations and dating results shown in white rectangles. The black line is the presumed shoreline 510 
of paleolake at its highstand of 620 m, with the overview shown in (e). The paleolake’s extent is 511 
visualized by light blue. 512 
 513 




Figure 3. Chronology in Junggar Basin. (a,b) 21Ne concentration profiles of PL-HHG and PL-JL, 515 
plotted against depth beneath platform surface. Error bars represent 1σ uncertainties. Blue datum 516 
point was not used in fitting. The grey line shows the best-fitted exponential function of 21Ne 517 
concentration versus depth, and the asymptotic value represents inherited 21Ne concentration in 518 
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sediments. (c) Field image of the hand-dug depth profile more than 4 m on PL-TES, and the 21Ne 519 
concentration profile (d). (e) Field image of profile on PL-KL exposed along roadcut, and 26Al/10Be 520 
burial dating isochron of overlying section (f), with data shown as 1σ error ellipse for each sample 521 
and all samples used in regression, and 21Ne concentration profile of underlying section (g). 522 
 523 
 524 
Figure 4. Simplified model of drainage system evolution in Junggar Basin. (a) Paleo-drainage 525 
system. Hypothetical river courses are shown as dotted lines. Light blue areas show the 526 
hypothetical lakes. (b) Onset of paleolake overflow and river system integration. Light blue 527 
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shading shows the area of the presumed Junggar paleolake at its highstand of 620 m. (c) Modern 528 
drainage system. 529 
 530 
 531 
Table 1  532 














  (m)   (Ma)  
PL-HHG 46.6784°N 
87.3918°E 




>1.56 ± 0.16 Relict platform of alluvial deposits preserved in 
drainage basin occupied by the paleolake.  Depth 
profile shows uniform sedimentary facies. Sampling 
pit is hand digging. 
PL-KL 47.4089°N 
88.0025°E 






2.77(+0.39/-0.33) Relict platform of alluvial deposits preserved in 
drainage basin occupied by the paleolake.   
Sampling profile was exposed in the roadcut along 
Kui-A expressway, in which the overlying fluvial 
gravel layer showing bottom boundary on the 
underlying sand deposits.  
PL-JL 47.0547°N 
87.4628°E 




>2.39 ± 0.06 Relict platform of alluvial deposits preserved in 
drainage basin occupied by the paleolake.   
Sampling profile was exposed in roadcut, showing 
uniform sedimentary facies.  
PL-TES 46.6294°N 
88.5623°E 
799 Groups of 
clasts (Unit 2) 
Sand (Unit 1) 
21Ne profile 
 
>1.31 ± 0.34  
(Unit 2) 
Alluvial fan at mountain front of Altay Mountain. 
Beyond the extent the paleolake occupied.  Depth 
profile shows a multistage depositional sequence–
a 50-cm-thick loose sediments, coarse gravel and 
fine sand deposited in the sedimentary sequence 





695 Granite 21Ne 
surface 
>1.16 ± 0.04 Granite bedrock, protruding through the Paleozoic 
basements between two parts of fan PL-TES. 
Note. Abandoned or depositional ages of the alluvial sediments and bedrocks. 534 
aAbandoned ages of relict alluvial platform and surface exposure age of granite bedrock were determined by using 21Ne exposure 535 
dating, and depositional age of PL-KL alluvial sediment was determined by using 26Al/10Be isochron burial dating. 21Ne exposure dating 536 
gives the minimal exposure age for each platform.  537 
bFor age calculation, the production rate was calculated by CRONUS-Earth online calculator (Balco et al., 2008) using the time-538 
dependent LSD production rate scaling model (Lifton et al., 2014). The 10Be half-life of 1.36 × 106 a (Nishiizumi et al., 2007) and  26Al 539 
half-life of 7.05 × 105 a (Nishiizumi, 2004; Norris et al., 1983) were used. The uncertainties of ages only include the analytical 540 
uncertainties. For platform PL-TES, the profile dug on the alluvial fan’s surface consisted of two different sedimentary facies, and the 541 
abandonment age was calculated using the 21Ne concentration profile of the upper clast layer. 542 
